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INTRODUCTION 


The  purpose  of  this  study  is  to  present  the  effect  of  probe  antenna 
errors  in  the  basic  theory  of  probe  compensated  near-field  measurements  for 
arbitrary  antennas.  Major  features  of  this  basic  theory  include  the 
following. 

(1)  Measurements  are  made  in  the  near-field  of  the  arbitrary  test 
antenna. 

(2)  Directional  effects  of  probe  antennas  on  reception  by  test  antennas 
are  included. 

(3)  Computed  patterns  of  test  antennas  span  a  solid  angle  instead  of  one 
or  two  principal  plane  cuts. 

Experimental  measurements  include. three  parts. 

(1)  The  probe  antenna  is  described  by  the  amplitude  and  phase  of  its 
antenna  pattern.  This  is  equivalent  to  a  "transfer  function"  from  a 
systems  theory  approach.  The  antenna  pattern  of  the  probe  antenna 
is  calculated  from  a  theoretical  model,  or  measured  in  a  suitable 
far-field  antenna  range.  Errors  in  amplitude  and  phase  of  the 
calculated  or  measured  antenna  pattern  were  not  significant  with 
conventional  test  antennas.  They  become  significant  with  adaptive 
and  low  si delobe  antenna  arrays,  where  si delobe  levels  are  30-50  dB 
below  mainlobe  maxima. 

(2)  The  tangential  fields  are  measured  at  preselected  intervals  on  a 
prescribed  planar  surface  in  the  near-field  of  the  test  antenna. 
These  measurements  are  made  with  two  orthogonal  orientations  of  the 
probe  antenna. 

(3)  The  far-fields  of  the  test  antenna  with  the  Fast  Fourier  Transform 
(FFT)  or  a  similar  algorithm.  If  pattern  details  over  a 
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predetermined  solid  angle  are  desired,  filtering  can  achieve  better 


resolution. 


Advantages  of  probe-compensated  near-field  measurements  are  described 


bel  ow. 


(1)  They  are  time  and  cost  effective.  Accuracies  of  calculated  patterns 


are  equal  to  or  better  than  those  for  far-field  antenna  ranges. 


(2)  Near-field  antenna  ranges  are  all-weather  facilities.  Far-field 


antenna  ranges  have  environments  changing  from  dry  snow  over  frozen 


soil  in  winter  to  soggy  or  wet  soil  in  summer.  Many  roof-top  far- 


field  antenna  ranges  sometimes  have  transient  pools  of  water  or 


ice.  They  also  may  have  man-made  obstacles  in  the  form  of  antenna 


cables,  power  lines,  and  adjacent  buildings. 


(3)  When  large  antenna  arrays  are  tested,  far-field  range  size  limi¬ 


tations,  transportation,  mounting  problems,  and  requirements  for 


large-scale  positioners  are  not  present. 


There  are  also  disadvantages  to  be  included  in  a  decision  to  develop  a 


near-field  antenna  range. 


(1)  More  complex  and  expensive  measurement  facilities  are  required. 


(2)  More  careful  and  precise  methods  are  required  to  calibrate  the  near¬ 


field  probe  antennas  in  comparison  with  far-field  probe  antennas. 


(3)  Since  test  antenna  patterns  are  not  obtained  in  real  time,  a 


suitable  algorithm  is  required  to  transform  the  measurements  into  a 


usable  form. 


(4)  Computer  software  is  very  important  for  the  above  transforms. 
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Near-field  measurements  on  planar  surfaces,  in  front  of  the  test  antenna, 
are  more  prevalent  [1-4]  because  of  their  mathematical  and  computational 
features.  Their  disadvantage  is  a  limitation  of  the  pattern  calculation  in  a 
cone  with  an  apex  angle  less  than  180°  without  a  repetition  of  measurements. 
This  limitation  is  partially  avoided  with  cylindrical  measurement  surfaces 
[5,6].  The  complete  180°  azimuth  pattern  for  all  elevation  angles  (but  not 
including  spherical  polar  angles)  can  be  obtained  with  one  measurement  [7] 
with  spherical  measurement  surfaces.  This  is  most  attractive  because  a 
complete  4*  steradian  pattern  is  computed  from  a  single  measurement,  but 
computations  are  extremely  difficult  except  for  test  antennas  with  broad-beam 
patterns.  The  planar  and  cylindrical  surfaces  have  computational  advantages 
because  of  the  FFT  algorithm.  Spherical  surfaces  cannot  utilize  this 
algorithm. 

In  the  third  section,  fields  from  the  test  and  probe  antennas  are 
expressed  in  elementary  plane  wave  expansions.  The  Lorentz  reciprocity 
theorem,  with  the  test  antenna  as  the  reciever  and  the  probe  antenna  as  the 
source,  is  then  introduced  [5]  to  calculate  the  test  antenna  output  as  a 
function  of  the  expanded  fields.  The  result  is  an  algebraic  equation  which 
relates  the  known  field  of  the  probe  antenna  to  the  unknown  field  received  by 
the  test  antenna. 


NEAR -FIELD  ANTENNA  RANGES 

Most  of  the  experimental  measurements  made  on  antenna  arrays  relate  to 
the  fundamental  characteristics  of  these  arrays  which  determine  their 
immediate  application.  Some  of  these  characteristics  are  input  impedances, 
far-field  antenna  array  patterns,  far-field  antenna  element  patterns,  mutual 
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coupling  between  elements,'  influence  of  frequency  variations  on  the  preceding 
characteristics  and  efficiencies  or  gains.  However,  there  are  occasions  when 
it  is  necessary  to  have  information  about  current  and  charge  distributions  on 
the  antenna  array  elements,  and  the  distributions  of  near-fields  in  the 
immediate  vicinity  of  the  array. 

Antenna  array  near-fields  are  divided  into  the  "reactive  near-field"  and 
the  "radiating  near  field"  [8].  The  reactive  near-field  surrounds  the 
immediate  region  of  the  antenna,  and  must  satisfy  the  inequality  [9] 

.62  ffi/l  >  z„  >  0  Cl) 

o 

where  D  is  the  largest  dimension  of  the  test  antenna  array  (also  referred  to 
as  simple  "test  antenna"),  X  is  the  wavelength  of  the  signal  transmitted  from 
the  test  antenna,  and  z  =  zQ  is  the  planar  surface  on  which  the  probe  antenna 
moves.  The  planar  surface  at  zQ  indicates  the  coordinate  system  in  this 
study.  It  was  chosen  so  that  the  plane  or  aperture  coincides  with  the  x-y 
plane  at  z  =  0.  The  distance  z0  must  also  satisfy  the  inequality 

2o  >  ¥  <2> 

where  d  is  the  largest  dimension  of  the  probe  antenna.  This  inequality  places 
the  test  antenna  in  the  far-field  of  the  probe  antenna.  Inequalities  in 
Equations  (1)  and  (2)  may  be  combined  in  the  form 

0.62  JPTx  >  zQ  > 


(3) 


so  that  the  probe  antenna  is  always  in  the  reactive  near-field  of  the  test 
antenna,  while  the  test  antenna  is  always  in  the  far-field  of  the  probe 
antenna. 


NEAR-FIELD  PROBE  ANTENNA  COMPENSATION 

The  theory  of  probe  compensated  measurements  on  planar  surfaces  is  based 
on  expansion  of  the  test  and  probe  antenna  fields  into  elementary  plane  waves 
or  modes  [10].  The  modes  are  an  angular  spectrum  of  plane  waves  [11].  The 
Lorentz  reciprocity  theorem  is  then  applied  [5]  to  obtain  probe  output  which 
relates  the  known  probe  field  to  the  unknown  radiated  test  antenna  fields. 

The  unknown  modal  amplitudes  are  then  found  with  this  equation.  The  far-field 
antenna  pattern  is  finally  calculated  from  the  modal  amplitudes. 

Any  arbitrary  monochromatic  wave  may  be  seen  as  a  superposition  of  plane 
waves.  They  have  the  same  frequency,  but  travel  in  different  directions  with 
different  amplitudes.  Plane  wave  expansions  are  made  to  find  the  unknown 
amplitudes  and  directions  of  the  plane  waves.  The  resulting  summation  of 
these  waves  is  a  modal  expansion  of  the  original  arbitrary  wave. 

In  a  linear,  homogeneous,  isotropic,  and  charge  free  region,  and  with  a 
harmonic  time  dependence  exp  (jut),  Maxwell's  equations  yield  the  vector 
Helmholtz  equation  for  the  electric  field  £.  In  free  space,  the  electric 
field  has  the  form, 

f  .  *  (i?)  e‘J  *  '  f  (4) 

where  X  (£)  is  the  plane  wave  spectrum  with  the  propagation  constant  k. 
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so  that  the  component  kz  is 


=  ^2_k2-k*  ,  k2  >  k2  +  k2,  =  -j*i!2+k2-k2,  k2  <  k2  +  k2  (6) 

General  solutions  for  f  (r)  are  formed  by  summing  over  all  kx  and  ky, 
ft?)-/  ft  (k)  e'J  *  '  f  dkxdk  .  (7) 

M  00  “ 

Since  Eq.  (7)  is  the  inverse  Fourier  transform  of  components  Ax  and  Ay,  then 

t  (if,  =  e  Jk2zo  i  *  (  (x>y  )ej(kxx  *  kyy)  d  x  dy>  (8) 

4/  -»  0 

on  the  plane  z  =  zQ.  The  vector  expression  in  Eq.  (8)  includes  Ax  and  Ay 
components  for  Ex  and  Ey,  respectively.  The  saddle  point  method  yields  [12] 

t  (?)  -  j  £  kz  *  (it)  e-Jkr  (9) 


where,  in  rectangular  coordinates, 

it  ■  kr  =  k  sine  cos$  x  +  k  sine  sin$  y  +  k  cose  z  (10) 

AAA  A 

and  where  k,  x,  y,  and  z  are  unit  vectors. 

If  the  tangential  fields  on  a  planar  surface  are  known,  the  plane  wave 


spectrum  can  be  calculated.  The  plane  wave  spectrum  provides  the  spatial 


field  distribution.  This  result  is  achieved  because  far-field  antenna 
patterns  and  their  near-field  aperture  distributions  are  Fourier  transforms  of 
each  other  [3].  When  a  probe  antenna  is  a  source  of  tangential  fields  from 
the  planar  surface,  the  fields  are  perturbed  by  the  probe  and  test  antenna 
interactions  so  that  the  actual  planar  distribution  is  never  seen.  If 
negligible  interaction  between  probe  and  test  antennas  is  assumed,  probe 
perturbations  can  be  compensated  with  application  of  the  Lorentz  reciprocity 
theorem. 

Figure  1  is  the  coordinate  system  for  the  test  and  probe  antennas. 

Fields  radiated  by  the  probe  antenna  are  measured  by  the  test  antenna  at 
predetermined  increments  while  the  probe  antenna  moves  across  the  z  =  zQ 
plane.  The  receiving  pattern  of  the  test  antenna  is  [13] 


*  (M)  =  R0  (e,4>)  3  +  %  (e,*)  i,  UD 

where  coordinates  ( ©, <p)  at  the  center  of  the  test  antenna  define  directions 

A  A 

from  which  uniform  waves  are  incident  on  the  antenna,  and  where  9  and  <|>  are 
unit  vectors.  If  the  vector  amplitude  of  the  plane  wave  spectrum  from  the 
probe  antenna  is  £,  the  received  voltage  v(9,$)  at  the  test  antenna  terminals 
is 


■  *  •  £  *  «eEe  ♦  (12) 

indicating  dependence  of  the  received  signal  on  polarization  and  direction  of 
the  incident  waves. 

Since  the  test  antenna  is  radiated  by  the  probe  antenna  in  the  test 
antenna  near-field,  the  received  signal  does  not  have  the  form  of  Eq.  (1£). 
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Figure  1,  Near-Field  Antenna  Range  Coordinate  System. 


The  probe  antenna  radiates  a  spherical  wave,  or  a  spectrum  of  plane  waves,  so 
that  the  received  voltage  is  a  superposition  of  voltages  from  each  component 
in  the  plane  wave  spectrum  of  the  probe  antenna.  The  integrated  sum  of  the 
received  voltage  v(rQ)  is 

-jit  •  r 

v(rQ)  =  /  /  £{e,$)  •  A  (£)  e  0  dkxdky,  (13) 

similar  to  Eq.  (7)  with  rQ  equal  to 

.  A  A  A 

r0  ■  XX  +  yy  +  zqz.  (14) 

Primes  (')  will  indicate  the  probe  antenna  coordinate  system  (they  were 
omitted  for  purposes  of  clarity)  in  subsequent  equations,  while  unprimed 
coordinates  relate  to  the  test  antenna  coordinate  svstem.  The  spectrum  Ktf*) 
is  the  spectrum  from  the  probe  antenna,  so  that  with  Eq.  (9), 

f  <?■)  A  (if-)  e-Jkr’,  (15) 

represents  the  electric  field  in  the  far-field  of  the  probe  antenna.  Since, 
from  Eq.  (10),  k^  is  k'cose',  Eq.  (12)  becomes 

if  (r ' )  =  C  cos  0'  K  (if1 ) ,  (16) 

where  j2*k'  exp(-jk 'r' )/r '  equals  the  constant  C  because  it  is  assumed  that 
the  far-field  probe  antenna  pattern  is  specified  on  a  sphere  of  constant 


Equation  (13)  is  a  two-dimensional  Fourier  transform  in  transform 
space.  Its  inverse  transform  in  physical  space  is 

•  jlc  »r 

ft  (9,$)  •  ft  (£')  =  /  /  v  (r  )  e  0  dxdy,  (17) 

_OD 

similar  to  Eq.  (8).  With  Eq.  (16),  but  in  test  antenna  coordinates  [10], 

R  (M)  *  E  (r* )  =  [R9(e,*)0  +  • 

[Ee,  (0*  ,<*>'  )e  +  E^.(e- .♦,)J*] 

=  [R  e(  e.  ♦)  o  +  Rf(  «,♦)♦]  • 

[-Ee(0,ir-$)0  -  Et(0, »-♦)♦] 

a  -R0(9.f)Ee(0,ir-<I>)  -  R^( °» 4>)E^( 0,TT-<t>) 

■  -I(0,4>)cos0,  (17) 

where  the  integral  I(e»1>)  is 

jk_zn  •  j(k¥x  +  k_y ) 

1(0,4.)  =  -Ce  z  /  /  v  (x,y,z  )  e  ^  dxdy.  (18) 

.00 

The  probe  coordinates  are  changed  to  test  antenna  coordinates  with 

6'  s  -6,  4.'  *  0'  =  0,  a  ir  -  4.  (19) 

An  alternative  form  for  Eq.  (18),  in  terms  of  detected  probe  output  P(x,y,z0) 
is 
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dxdy. 


(20) 


jVo 


/  / 


P(x,y,z0) 


j(M 


y> 


where  P(x,y,zQ)  *  -C  v(x,y,z0). 

In  a  near-field  aperture  measurement,  both  horizontally  and  vertically 
polarized  fields  are  radiated  by  the  probe  so  that  two  expressions  are 
obtained  for  the  desired  far-field  functions  of  the  test  antenna.  The 
detected  probe  outputs  are  then  given  by  Py(x,y,z0)  and  PH(*,y,z0),  where 
subscripts  V  and  H  are  vertical  and  horizontal  polarizations,  respectively. 
The  expressions  for  both  polarizations  in  Eq.  (17)  are 


R0(e.<p)  EeV(e,*)  +  R 9( 8, <*)  E$V(0,*)  =  Ivcose, 

R0(9,<J>)  E0h(0,<d)  +  R^e.-P)  E?h(0,i>)  =  IHcos0,  (21) 


and  when  combined  to  obtain  the  far-field  components  of  the  test  antenna. 


Re  *  cos® 


T  r  H  T  c  V 
1VE»  '  Vt 
STOJ 


I  E  ^  -  I  E  ^ 

C  -  rnc  0  H  6  ^0 

%  ’  cos0  a(6,*) 


where  the  determinant  M9.*)  is 


(22) 

(23) 
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V 

6 

H 
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E  VE  H 

£0  S 


-  E 


H 

0  * 


with  (0,<p)  and  (9, *-4>)  omitted  for  clarity. 


(24) 
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The  functions  Iy(e,*)‘  and  1^(0,*)  are  expressed  as 
jkz.cose  ,  - 

Iy(e»<t>)  ■  e  /  /  Pv(x,y,z0)  • 

■  flO 

ejk(x  sine  cos*  +  y  sine  sin*)dxdy> 
jkz  cos  0  ,  » 

Ih(M)  =  e  0  II  PH(x,y,z0)  • 

•  00 

ejk(x  sine  cos*  +  y  sine  sin*)dxdy> 


(25) 


(26) 


SPATIAL  SAMPLING  IN  NEAR-FIELD  RANGES 

Planar  arrays  are  usually  located  with  their  back  side  parallel  to  an 
interior  wall,  or  parallel  to  an  interior  floor,  with  the  array  axis  parallel 
to  the  floor.  A  typical  envelope  of  a  test  antenna  is  a  planar  array  with 
dimensions  of  1  meter  by  7  meters.  The  planar  measurement  surface  is 
arbitrarily  chosen  to  be  5  -  10  wavelengths  from  the  array  surface.  With  a 
frequency  range  3-4  GHz,  the  wavelength  is  thus  7.5  -  10  cm,  so  the  distance 
zQ  becomes  0.75  -  1.00  meter. 

The  planar  measurement  surface  has  a  coordinate  system  where  the  vertical 
(up)  direction  is  the  positive  y-axis,  the  positive  z-axis  is  normal  from  the 
planar  surface  (toward  the  probe  antenna),  and  the  positive  z-axis  moves  to 
the  right  in  front  of  the  planar  surface  in  a  horizontal  direction.  The  width 
and  height  of  the  sampling  surface  are  X  and  Y,  respectively.  The  planar 
surface  is  also  called  the  sampling  surface  because  the  probe  antenna  moves 
horizontally  across  the  surface  in  sequential  vertical  increments. 

Two  sets  of  measurements  are  made  at  a  finite  number  of  equally  spaced 
intervals  along  the  x-  and  y-axes  so  that  Eqs.  (25)  and  (26)  can  be 
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numerically  evaluated  with  the  FFT  algorithm.  The  sampling  plane  is  divided 
into  a  grid  of  points  with  coordinates 


(mix,  nty,  zo). 


(27) 


at  wave  numbers  defined  by  discrete  Fourier  transform  theory. 


k 


_  2m  t 
x  ‘  W* 


1, 


k 


-  2n_TT 
y  “  NAy’ 


1. 


(28) 


The  rectangular  grid  has  M  ordinates  in  the  x-direction,  with  a  width  (M-l)Ax, 
and  N  abscissas  in  the  y-direction  for  a  height  or  length  (N-l)Ay.  The  total 
number  of  grid  intersections  is  MN.  At  each  point,  the  spherical  coordinates 
0,<t»  are  found  with 


COS4> 


mNAAy 


v^mNAy)2  +  (nMAx)2 

/  m  ,2  ,  ,  n  ,2 
'(“*“)  +  ^NAy^ 


sin0  =  X  /(^) 


(29) 


The  spacings  Ax  and  Ay  are  selected  by  the  attenuation  desired  for  evanescent 
waves  [3], 


a  -  54.6  L  [(-^)2 


1/2 

1]  dB, 


(30) 


where  As  »  Ax  «  Ay,  and  L  is  the  number  of  wavelengths  between  the  planar  and 
array  surfaces,  zQ  ■  LX. 
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ERRORS  IN  FAR-FIELD  PATTERN  CALCULATIONS 


At  microwave  frequencies,  the  conventional  antenna  probe  is  usually  an 
open-end  rectangular  waveguide  [14].  The  antenna  probe  usually  transmits  in 
its  lowest  mode,  TE10,  where 


3  3 

[cose  +  -j~  +  p(cos0  — p) ]  ¥10(e,(|>),  (32) 


where 


sin(i  ka  sinecos*  +  %) 

V0’*>  =  71 — - 9 - TT  * 

(■j  ka  sinecosf)2  +  (-J)Z 

sin(4  kb  sine  sin$) 

-t— - - 9—.  (33) 

kb  sine  sin<p)z 

where  a  and  b  are  the  waveguide  internal  dimensions,  with  a  >  b.  Errors  in 
the  far-field  antenna  pattern  occur  when  incorrect  values  of  a  and  b  are 
introduced  into  Eqs.  (31)  -  (33).  These  are  measurement  errors.  Polarization 
errors  create  far-field  pattern  errors  if  there  are  deviations  from  correct 
alignment  of  the  probe  for  either  vertical  or  horizontal  polarization 
measurements.  Reflection  errors  occur  if  the  magnitude  and  phase  of  the 
reflection  coefficient  p  of  the  probe  is  incorrect.  The  more  difficult  errors 


v* ^'.vyv’vV'.v vvj.v.vaV' v  v'V  -.’W  '  ■  •  • 


originate  from  insufficient  knowledge  of  the  surface  currents  induced  on  the 
external  waveguide  surface. 

Other  errors  are  encountered  if  the  probe  is  not  accurately  positioned 
with  respect  to  the  sampling  plane.  For  an  accuracy  of  X/100,  or  0.2%,  the 
probe  location  on  the  sampling  plane  requires  the  probe  location  in  the  z- 
di recti  on,  or  zQ,  to  be  less  than  0.02  cm  at  60  GHz.  This  frequency  will  be 
the  highest  frequency  for  a  near-field  range  to  be  completed  by  1987. 

Tolerance  in  angular  alignment  depends  on  the  smoothness  of  the  test  antenna's 
far-field  pattern.  If  A8  is  the  error  tolerance,  then 

A6  <  0.002  radian,  (34) 

where  G(0)  is  the  antenna  voltage  gain  in  dB.  For  example,  a  cosine  gain 
pattern  at  0  *  45°  has 

a|  ■  -lOloge,  (35) 

so  that  as  =  0.002  radian,  or  0.1  degree. 

Other  errors  due  to  mechanical  vibrations  and  bending  of  the  probe 
antenna  carrier  are  being  investigated  for  a  near-field  range  with  a  60  meter 
by  60  meter  sampling  plane  and  a  frequency  of  60  GHz. 
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